The Cre recombinase (Cre) from bacteriophage P1 is an important tool for genetic engineering in mammalian cells. We constructed lentiviral vectors that efficiently deliver Cre in vitro and in vivo. Surprisingly, we found a significant reduction in proliferation and an accumulation in the G2͞M phase of Cre-expressing cells. To minimize the toxic effect of Cre, we designed a lentiviral vector that integrates into the host genome, expresses Cre in the target cell, and is subsequently deleted from the genome in a Credependent manner. Thus, the activity of Cre terminates its own expression (self-deleting). We showed efficient modification of target genes in vitro and in the brain after transduction with the self-deleting vectors. In contrast to sustained Cre expression, transient expression of Cre from the self-deleting vector induced significantly less cytotoxicity. Such a self-deleting Cre vector is a promising tool for the induction of conditional gene modifications with minimal Cre toxicity in vivo.
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gene transfer ͉ regulated gene expression ͉ Cre toxicity T he site-specific recombinase of the bacteriophage P1, Cre, catalyzes the recombination of two 34-bp sequences called loxP, which consist of two 13-bp palindromic sequences flanking an 8-bp core sequence (1, 2) . Because of the high efficiency of the Cre͞loxP system in mammalian cells (3, 4) , this system is now widely used for genetic engineering in vitro and in vivo (5, 6) . Transfer of Cre in vivo can be achieved by the use of transgenic mice or by viral delivery to the target organ(s). Thus far, the transfer of Cre by using nonviral delivery vehicles such as liposomes has only been described for use in vitro (7) .
We have generated lentiviral vectors that carry the Cre recombinase and have analyzed their ability to mediate loxPspecific recombination. Lentiviruses are enveloped RNA viruses that belong to the family of complex retroviruses (for review see refs. 8 and 9) . In contrast to prototypic retroviruses, such as murine leukemia virus, lentiviruses are able to transduce both dividing and nondividing cells. Lentiviral vectors pseudotyped with the G protein of the vesicular stomatitis virus can transduce a wide range of cells and have great potential for human gene therapy (10) (11) (12) (13) .
The Cre lentiviral vectors efficiently transferred Cre to the target cells and induced Cre-mediated recombination of loxP sites in vitro and in vivo. The Cre-expressing cells unexpectedly exhibited a reduction in proliferation and accumulated in the G 2 ͞M phase of the cell cycle. To circumvent this toxic effect of Cre, we designed a Cre lentivirus vector that is itself subject to Cre-mediated excision (self-deleting or LV-Cre-SD). In this way, Cre expression is limited to only the time necessary for recombination. Our studies show that this approach works efficiently in vitro and in vivo.
Materials and Methods
Animals. Homozygous R26R mice (12-20 weeks of age) were anesthetized by i.p. injection of a ketamine (150 mg/kg)͞xylazine (15 mg/kg) mixture. Virus (3 l) was injected either stereotaxically into the brain (coordinates from Bregma in millimeters: for the striatum, 0.5 anteroposterior, 2.0 mediolateral, 2.5 dorsoventral; for the hippocampus, Ϫ2.5 anteroposterior, 2.0 mediolateral, and 1.5 dorsoventral) or into the liver with a 26-gauge Hamilton syringe. All procedures were performed in accordance with the standards of the Salk Institute.
Virus Production. To make the Cre-lentivirus (LV-Cre), a MluI fragment containing the nuclear localization signal (nls) of the simian virus 40 large T antigen and the cDNA for Cre recombinase (nlsCre) was excised from pMC-Cre (14) . The nlsCre was first cloned into the EcoRV site of a pBluescript II KS vector, and then inserted into the XbaI-SalI sites of a pRRL-derived lentiviral vector that contains a central polypurine tract (ppt) and the posttranscriptional element of the woodchuck hepatitis virus (15) , resulting in LV-Cre. In addition, a vector (LV-CIG) was designed that contains an internal ribosomal entry site-green fluorescent protein (GFP) cassette downstream of Cre to achieve bicistronic expression of Cre and GFP. The lentiviral vector carrying the lacZ gene (LV-Lac) was constructed by replacing the Cre cassette with the lacZ gene. For the construction of the LV-Cre-SD, one loxP site was cloned into the BspEI site of HIV-CS (16). The nlsCre cassette was then inserted into the EcoRI-XhoI sites of the vector. In addition, a cytomegalovirus (CMV) promoter, a ppt, and a woodchuck hepatitis virus were cloned into this vector. A third-generation, Tat-free packaging system (17) was used to produce recombinant lentivirus, as described (18, 19) . Colony-forming assay. Lin Ϫ cells were incubated in methylcellulose medium (MethoCult, StemCell Technologies) with recombinant cytokines (50 ng/ml stem cell factor͞10 ng/ml IL-3͞10 ng/ml IL-6͞3 units/ml erythropoietin) at a cell density of Abbreviations: LV-Cre, Cre lentivirus; nls, nuclear localization signal; GFP, green fluorescent protein; LV-CIG, lentiviral vector designed to achieve bicistronic expression of Cre and GFP; LV-Lac, lentiviral vector carrying the lacZ gene; LV-Cre-SD, Cre-lentivirus self-deleting; CMV, cytomegalovirus; ppt, polypurine tract; Lin Ϫ , lineage negative; moi, multiplicity of infection; ␤-gal, ␤-galactosidase; GFAP, glial fibrillary acidic protein; LTR, long terminal repeat; IU, infectious units.
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1,000 cells per plate (20 cm) (2) . At day 12, colonies were stained with X-gal.
Suspension culture. To differentiate bone marrow progenitors, Lin Ϫ cells were incubated for 10 days in serum-free medium (StemSpan, StemCell Technologies) in the presence of cytokines (100 ng/ml stem cell factor͞20 ng/ml IL-3͞20 ng/ml IL-6͞50 ng/ml thrombopoietin). Either cell suspensions were stained with X-gal, or immunofluorescence was performed on cytospins by using an antibody-detecting CD11b (PharMingen), a myeloid marker, or by using an antibody against CD41 (PharMingen), a marker for megakaryocytes.
Cell-Cycle Analysis. Cell-cycle analysis was done as described (21) . In brief, cells were harvested at 48, 96, and 140 h after infection and resuspended in PBS containing 1% FBS. Cells (1 ϫ 10 6 to 3 ϫ 10 6 ) were fixed with 95% ethanol and washed twice before incubating for 15 min at 37°C with propidium iodide (PI)͞RNase A solution (5 g/ml PI͞250 g/ml RNase A in PBS͞1% FBS). Incorporation of PI was quantified by FACScan (Becton Dickinson). Cellular DNA contents were calculated by using the MULTICYCLE program (Phoenix Flow Systems, San Diego).
Histological Procedures. Animals were anesthetized and then transcardially perfused with either 4.0% paraformaldehyde (for immunohistochemistry) or 1.5% glutaraldehyde (for X-gal staining). Dissected tissues were postfixed overnight at 4°C and then saturated with 30% sucrose for at least 2 days at 4°C. Brains were sliced at 40 m on a sliding microtome, stored at Ϫ20°C in a cryoprotectant, and stained as free floating sections. Livers were cut on a cryostat at 12 m and stained on slides. After blocking (1 h, room temperature) with 0.1% Triton X-100 and 3% normal donkey serum (PBSϩϩ), the tissue was incubated with primary antibodies in PBSϩϩ overnight at 4°C, followed by incubation with secondary antibodies in PBSϩϩ for 2 h at room temperature. The primary antibodies used were the monoclonal antiCre (MAB3120, Chemicon) at 1:1,000, the polyclonal anti-Cre (no. 69050-3, Novagen) at 1:1,000, anti-␤-gal (5Ј-Ͼ3Ј) at 1:1,000, anti-NeuN (clone A60 kindly provided by R. Mullen, University of Utah, Salt Lake City) at 1:20, and anti-glial fibrillary acidic protein (GFAP; Advanced ImmunoChemical, Long Beach, CA) at 1:250. Secondary antibodies (conjugated to FITC, Cy3, Cy5, or biotin) were all generated in donkey (The Jackson Laboratory) and used at 1:250 dilution. The anti-␤-gal signal was enhanced with biotinylated secondary and streptavidinconjugated fluorophore. Fluorescence was viewed with either a Nikon inverted microscope or a Bio-Rad confocal microscope. X-gal staining of tissues was performed for 4 h at 37°C followed by counterstaining with nuclear fast red.
Results

Analysis of Cre-Mediated Recombination in a Reporter Cell Line.
The latest generation of HIV-based lentiviral vectors (15, 16) was used to generate the vectors carrying the Cre recombinase under the control of an internal CMV promoter (LV-Cre) (Fig. 1A) . A bicistronic vector (LV-CIG) was constructed by cloning Cre and an internal ribosomal entry site upstream of an expression cassette for the enhanced GFP ( Fig. 1 A Middle) . In addition, we designed a vector that carries the lacZ cDNA ( Fig. 1 A Bottom) . Viral particles were produced by using a third-generation, splitgenome packaging system (17) and pseudotyped with the G protein of the vesicular stomatitis virus (18) . Initially, CV-1 reporter cells (20) were used to determine the activity of Cre delivered by a lentiviral vector. These cells carry a switching unit that reports Cre͞loxP recombination by expression of ␤-gal (Fig.  1B) . LV-Cre efficiently transduced CV-1 cells (Fig. 1C) .
Analysis of Cre Recombination in Vivo. ROSA26 Cre reporter (R26R) mice were used to analyze the ability of lentiviral vectors to express active Cre in vivo (22) . R26R mice carry a Creresponsive reporter cassette that is similar to the one used in CV-1 cells (Fig. 1B) . At 3 weeks after intraparenchymal injection of LV-Cre [1.2 ϫ10 8 infectious units (IU)] into the liver, we observed strong expression of ␤-gal not only at the site of injection ( Fig. 2A) but also in uninjected liver lobes (not shown). Close to the site of injection, more than two-thirds of the ␤-gal-positive (␤-gal ϩ ) cells were identified as hepatocytes, whereas more distal to the site of injection, the ratio of transduced hepatocytes to nonhepatocytes was Ϸ1:3.
To analyze the recombination efficiency of the LV-Cre in hematopoietic progenitors, Lin Ϫ bone marrow cells were isolated from R26R mice and incubated in methylcellulose and cytokines (23) . At 12 days after transduction with LV-CIG, Cre recombinase activity was assessed by X-gal staining of the colony-forming cell progenitors. Approximately 40% of the colonies were ␤-gal ϩ 2 weeks after infection with LV-CIG (moi 200) (Fig. 2B) . Next, transduced Lin Ϫ cells were incubated for 10 days in the presence of stem cell factor͞IL-2͞IL-6͞thrombo-poietin to induce differentiation of granulocytes, monocytes, and megakaryocytes. The differentiated cells were then analyzed by X-gal staining and immunofluorescence by using antibodies against CD11b (myeloid cells) and CD41 (megakaryocytes) ( radius were ␤-gal ϩ (Fig. 2C) . Similar results were obtained after transduction of hippocampus, thalamus, septum, and cerebellum (data not shown). The lentiviral vector delivered Cre to neurons and astrocytes, as demonstrated by immunofluorescence staining with antibodies against the astrocyte marker GFAP, and the neuronal marker NeuN (Fig. 2D) . Histological analyses performed at later times (3-18 weeks after injection) unexpectedly revealed the damage of brain structures and the presence of abnormal cavities in the injected striatum (Fig. 2E) or hippocampus (Fig. 2F) . Because we have not observed tissue damage after injection of lentiviral vectors carrying GFP into the striatum and hippocampus (refs. 18 and 24; data not shown), these results indicated that sustained expression of Cre might be detrimental to the transduced cells.
Cre Expression Reduces Cell Proliferation. To address the question of a potential toxic effect of Cre, we analyzed the effects of Cre expression on cell growth and viability. Transduction of CV-1 cells with LV-Lac (moi 2) resulted in the transduction of Ϸ90% of the cells but did not significantly affect the number of cells, as compared with uninfected cells (Fig. 3A) . Thus, neither lentiviral infection nor ␤-gal expression per se significantly affects cell proliferation. In contrast, transduction of CV-1 cells with LV-Cre (moi 2) caused a significant (P Ͻ 0.01) decrease in cell number to 70 Ϯ 6%, 45 Ϯ 6%, and 13 Ϯ 7% of the uninfected control cells at 48, 96, and 140 h, respectively (Fig. 3A) . To study whether the Cre-induced inhibition of cell proliferation requires the presence of loxP sites, we tested the effect of Cre in COS cells. Expression of Cre caused an almost identical reduction of cell growth in CV-1 and COS cells (Fig. 3B) , indicating that this effect is not caused by recombination of loxP sites. In addition, we observed a 6-fold increase in the number of detached and floating cells 96 h after transduction with LV-Cre (moi 2), as compared with the uninfected COS cells (data not shown).
The negative effect of Cre on cell viability and proliferation was further analyzed by propidium iodide incorporation into cellular DNA followed by FACScan analysis. At 48 hours after transduction, 34.7 Ϯ 1.2% of the Cre-expressing cells had accumulated in the G 2 ͞M phase as compared with 17.4 Ϯ 1.3% and 16.9 Ϯ 0.9% in LV-Lac-transduced and nontransduced cells, respectively (Fig. 3 C-E) . Furthermore, a 3-fold increase in the sub-G 1 population was observed in the LV-Cre-infected cells, as compared with LV-Lac or uninfected cells, indicating an increase in apoptosis in the Cre-expressing cells (Fig. 3E) .
Transient Cre Expression with LV-Cre-SD. To minimize the cytotoxic effects of Cre, we designed a regulated LV-Cre. Ideally, the system should efficiently express enough Cre protein to achieve rapidly the recombination of the loxP sites in the target gene, after which the Cre expression should be terminated quickly. To this end, we introduced into the lentiviral vector a Creresponsive deletion unit, which consists of a single loxP site incorporated into the U3 region of the 3Ј LTR (LV-Cre-SD; Fig.  4A ). As with other retroviruses, the U3 region of the lentiviral 3Ј LTR is duplicated and transferred to the 5Ј LTR during reverse transcription of the viral RNA (for details see refs. 9, 25, and 26). Thus, once integrated into the host genome, the LV-Cre-SD provirus contains one loxP site in the 5Ј LTR and one loxP site in the 3Ј LTR. Cre-mediated recombination of these two loxP sites should lead to the deletion of the lentiviral vector and termination of Cre expression.
Transduction of CV-1 cells with LV-Cre-SD (moi Ϸ 2) resulted in the expression of Cre in more than 90% of the cells within 48 h (Fig. 4B) -a transduction efficacy similar to that observed for the conventional LV-Cre (Fig. 4C) . During the next 48 h, Cre expression levels decreased in the LV-Cre-SDtransduced cell (Fig. 4B) but not in the cells infected with LV-Cre (data not shown). At 144 h, only 5-10% of the LVCre-SD transduced cells expressed Cre, whereas Cre expression was observed in Ͼ90% of the LV-Cre-transduced cells (Fig. 4 B  and C) . Western blot analyses confirmed the down-regulation of Cre within 140 h after infection with LV-Cre-SD (data not shown). Cell counts performed on CV-1 and COS cells 140 h after infection with LV-Cre-SD revealed a significantly (P Ͻ 0.01) greater number of cells than the LV-Cre-infected cells (Fig.  5 A and B) . Although the number of CV-1 cells observed at 140 h (Fig. 5A ) after treatment with LV-Cre-SD was significantly lower than the number of those transduced with LV-Lac, no significant differences in cell number were detected at 280 h (data not shown). No significant decrease in the cell number was observed in the COS cells 140 h after infection with LV-Cre-SD in comparison with uninfected cells (Fig. 5B) . In addition, cellcycle analysis revealed no significant changes as compared with the untreated or LV-Lac-treated cells (Fig. 3E) .
Next, we analyzed the ability of LV-Cre-SD to modify the loxP-flanked target gene, i.e., the neo cassette in the CV-1 reporter cells. At 3 days after infection with LV-Cre-SD and LV-Cre, a similar number of cells were ␤-gal ϩ ( Fig. 5 C and D) . At this time, the ratio of ␤-gal ϩ to ␤-gal-negative (␤-gal Ϫ ) cells was Ϸ20:1 for both LV-Cre and LV-Cre-SD. However, 4 weeks after transduction with LV-Cre, we observed a significant reduction in the ratio of ␤-gal ϩ ͞␤-gal Ϫ cells to Ϸ1:1, whereas no significant change in the ratio of ␤-gal ϩ ͞␤-gal Ϫ cells was observed after transduction with LV-Cre-SD (Fig. 5D ).
Cre-Mediated Recombination in Vivo with LV-Cre-SD.
To analyze the function of the regulated Cre virus in vivo, we injected 6 ϫ 10 7 IU of LV-Cre-SD into the brains of R26R mice. First, we analyzed the time course of Cre expression by immunohistochemistry. Although we detected expression of Cre 1 week after injection of LV-Cre-SD in the striatum (Fig. 6A) , Cre expression was reduced more than 100-fold 5 weeks after injection (Fig. 6B) . At that time, only a small subset of cells expressed detectable amounts of Cre (compare Fig. 6 A and B Insets) . Thus, the incorporation of a single loxP site into the U3 region of the 3Ј LTR is a feasible way to achieve transient Cre expression from the modified lentiviral vector in vivo. To determine whether the concentration of Cre expressed from the Cre-suicide vector was sufficient to achieve the recombination of the cellular target gene, we assessed the amount of ␤-gal expression by immunohistochemical staining of consecutive sections 1 or 5 weeks after injection (Fig. 6 C and E) .
At 1 week after striatal injection of either LV-Cre-SD or LV-CIG, the ␤-gal ϩ volume was a size similar to that in mice injected with LV-Cre (Fig. 6 C and D; see also Fig. 2C) , demonstrating that the LV-Cre-SD induces recombination of a target gene that contains loxP sites in the brain with an efficacy similar to conventional LV-Cre. Furthermore, analysis of ␤-gal expression 1 week after injection of LV-Cre-SD or LV-Cre (each 1.2 ϫ 10 8 IU) into the liver revealed almost identical numbers of recombined cells with the two vectors (data not shown).
We repeatedly found a clear difference in the extent of ␤-gal expression when comparing the conventional and the regulated Cre vector at a later time. All mice (n ϭ 8) were injected on the same day under identical conditions and demonstrated similar ␤-gal expression patterns 1 week after injection. However, at 5 weeks after injection, there was a clear reduction in the number of ␤-gal-expressing cells in the LV-Cre-injected mice (Fig. 6F) as compared with the LV-Cre-SD-injected mice (Fig. 6E) . Analysis of the number of transduced cells in brains injected with LV-CIG revealed a significant reduction of GFP-positive (i.e., transduced cells) 5 weeks after injection as compared with the mice that were analyzed 1 week after injection (data not shown). These findings indicate that sustained expression of high concentrations of Cre might be deleterious͞disadvantageous to the target cells not only in vitro (see Figs. 3 and 5) but also in vivo. The Cre-induced cytotoxic effects can be minimized by transient Cre expression with the LV-Cre-SD, which induces efficient recombination in several different tissues of transgenic mice.
Discussion
The Cre͞loxP system is a powerful tool for the manipulation of the mammalian genome, and the interbreeding of Creexpressing transgenic lines with mice that carry genes flanked by loxP sites has resulted in efficient modification of a variety of genes in vivo. Viral vectors have also been shown to achieve Cre expression in different tissues. Thus far, vectors derived from adenoviruses (27) (28) (29) (30) and herpes simplex virus (31) Apparently, a potential drawback of the Cre͞loxP system is the cytotoxicity of Cre. We observed a decrease in proliferation as well as an increase in apoptosis in Cre-expressing cells. A similar effect of Cre has been described recently by several other groups (33, 34) . Our analyses revealed an accumulation of Cre-expressing cells in the G 2 ͞M phase of the cell cycle. The fact that the G 2 ͞M arrest was found in cells that do not contain loxP sites indicates that it is an intrinsic feature of the Cre recombinase and not a result of loxP-mediated recombination. In addition, we observed tissue damage after expression of Cre for several weeks in the brain. With use of lentiviral vectors that carry other transgenes, we and others have observed long-term expression of the transgenes without obvious indications of tissue damage (18, 24, 35) . Cre-induced cytotoxicity might be an explanation for the reduced number of Cre-expressing, ␤-gal ϩ cells that we observed in vitro and after prolonged (3-5 weeks) Cre expression in the brain. Shut-off or silencing of the ␤-gal promoter is unlikely to be the explanation for these results, because we did not observe it after transient Cre expression, and in R26R mice, ␤-gal is expressed from an ubiquitously active, endogenous promoter (22) .
A possible explanation for the toxic effects of Cre expression might be the Cre-mediated recombination of genomic DNA at sites that share homology with the lox sites of the bacteriophage P1. Indeed, such pseudo-lox sites have recently been discovered in the mouse and human genomes and shown to be substrates for Cre-mediated recombination (36) . This ''illegitimate'' (37) recombination results in DNA strand breaks and chromosome rearrangements (33, 34) . Endogenous pseudo-lox sites share only a limited homology with loxP sites, and Cre-mediated recombination of pseudo-lox sites is less efficient than it is for bona fide loxP sites (36) . Thus, transient expression of Cre should minimize the chances of recombination at the endogenous pseudo-lox sites and͞or give the target cell time to repair the DNA damage efficiently.
To optimize the Cre expression system such that Cre is only expressed for the period necessary to achieve recombination of the target loxP sites, we designed a self-deleting lentiviral vector. This approach obviates the use of exogenous ligands or drugs for the regulation of expression, because the transgene (i.e., Cre) delivered by the lentiviral vector regulates its own expression. The LV-Cre-SD carries the Cre cDNA and a single loxP site in its U3 region of the 3Ј LTR. Several groups have shown that loxP sites can be incorporated into simple͞prototypic and complex retroviruses and that these loxP sites are duplicated in the integrated provirus, making it susceptible to Cre-mediated excision (38) (39) (40) (41) (42) . Recently, a murine leukemia virus-based selfexcising vector was described and shown to achieve transient expression of Cre in vitro (33) . We now demonstrate that by incorporation of Cre and loxP into one single lentiviral vector, one can achieve transient expression of Cre in vivo. In contrast to murine leukemia virus-based vectors (for details see ref. 13 ), LV-Cre can transduce a broad spectrum of terminally differen- tiated, nondividing cells, and therefore, this regulated Cre delivery system should be a useful tool for genetic engineering in vitro and in vivo. In addition, it is conceivable that the concept of a self-excising LV-Cre could be used for the short-term expression of other toxic genes by incorporating both the toxic gene of interest and Cre together in a bicistronic Cre-selfdeleting vector.
